Objectives-To determine the incidence of pathogenic SCN8A variants in a cohort of epilepsy patients referred for clinical genetic testing. We also investigated the contribution of SCN8A to autism spectrum disorder, intellectual disability, and neuromuscular disorders in individuals referred for clinical genetic testing at the same testing laboratory.
Introduction
Voltage-gated sodium channels (VGSCs) are important regulators of neuronal excitability. As a result, pathogenic variants in VGSCs are responsible for a number of pathophysiological conditions, particularly epilepsy. The VGSC SCN8A encodes the poreforming α-subunit Na v 1.6, which is expressed in excitatory and inhibitory neurons throughout the central and peripheral nervous systems (Caldwell et al., 2000; Oliva et al., 2012) .
VGSC α-subunits are made up of four homologous domains (DI-DIV), each containing six transmembrane segments (S1-S6). Mutations in the mouse homolog of SCN8A (Scn8a) were originally associated with motor disorders based on the phenotypes of more than ten different mouse lines with null or hypomorphic alleles of Scn8a. Scn8a mouse mutants exhibit a range of phenotypes, including ataxia, tremor, dystonia, hind limb paralysis, and premature lethality with recessive inheritance (Meisler et al., 2001; O'Brien and Meisler, 2013) . These mice do not exhibit spontaneous convulsive seizures, and furthermore, mice heterozygous for these mutant alleles were found to be more resistant to chemically and electrically induced seizures (Makinson et al., 2014; Martin et al., 2007) . In 2006 the identification of a heterozygous, frameshift SCN8A variant in a patient exhibiting intellectual disability, cerebellar atrophy, and ataxia was consistent with the reported mouse models of Scn8a dysfunction (Trudeau et al., 2006) .
The first SCN8A epilepsy mutation was identified in 2012 by whole-genome sequencing (WGS) in a patient with severe epileptic encephalopathy who exhibited early-onset seizures, autistic features, intellectual disability, ataxia, and sudden unexpected death in epilepsy (SUDEP) (Veeramah et al., 2012) . The heterozygous missense variant, p.N1768D, was determined to be de novo in the patient. Since this initial discovery, there has been a sharp rise in the number of identified pathogenic SCN8A variants in patients with epilepsy, with over one hundred mutations reported to date . Most of the SCN8A variants have been detected in individuals with early infantile epileptic encephalopathy (EIEE), similar to the initial patient. Furthermore, nearly all reported mutations are missense variants that were de novo or inherited from an unaffected parent who was found to be mosaic. Functional analysis of eight variants revealed gain-of-function effects as the predominant pathogenic mechanism, although two of the variants produced apparent loss-offunction effects in vitro (Blanchard et al., 2015; de Kovel et al., 2014; Estacion et al., 2014; Veeramah et al., 2012; Wagnon et al., 2016) . In 2015, Wagnon et al. reported the generation of a mouse expressing the p.N1768D mutation in the orthologous Scn8a gene. Unlike previous mouse lines, these mutants exhibit spontaneous seizures and premature lethality .
Recently, Gardella et al. reported three unrelated families carrying the same SCN8A missense variant, p.E1483K, in the inactivation gate of the channel (Gardella et al., 2016) . Interestingly, all three families exhibited benign infantile seizures. This was the first report of SCN8A-associated epilepsy that showed a more benign seizure course without intellectual disability. The authors speculated that this variant in the inactivation gate might have a more modest effect on channel inactivation, thereby resulting in the milder phenotype seen in the three families.
While the application of whole-genome and -exome sequencing to severe epilepsy cases was essential to the discovery of the initial SCN8A pathogenic variants, many variants are now being identified via gene panel analysis (also known as targeted resequencing). One advantage of targeted gene panel analysis over whole-exome sequencing is that read coverage is increased across the genes of interest, thus reducing the possibility that clinically important variants in these genes are missed. More than 15 commercial epilepsy panels that include sequencing of SCN8A are currently available.
Here we report five new SCN8A epilepsy variants identified via gene panel analysis. We report several cases that have phenotypes consistent with previous reports for SCN8Aencephalopathy, as well as one case with an inherited SCN8A variant and a milder epilepsy presentation.
Material and methods

Patients
Sequence data from 275 patients screened by the Emory Genetics Laboratory (EGL) using the Epilepsy and Seizure Disorders (ESD) panel were reviewed for this study. Two additional patients with SCN8A variants had targeted gene panel testing performed by other diagnostic laboratories (GeneDx and Athena Diagnostics). All patients had epilepsy as one of the indications for genetic testing. Peripheral blood samples were obtained from family members to test variant inheritance after written consent was obtained. Clinical information for each patient was obtained from their corresponding clinicians. This study was approved by the Institutional Review Board of Emory University.
within the coding exons and +/− 10bp into the introns. Relevant regions of epilepsy genes not amenable to NGS were filled in using the Sanger sequencing method.
Sanger sequencing
All SCN8A variants were confirmed by Sanger sequencing. Parent and sibling samples were also Sanger sequenced to determine whether the SCN8A variant segregated with disease or arose de novo.
Deep amplicon sequencing
Sequencing of a 392-base pair amplicon encompassing the SCN8A c.2287A>G (p.I763V) variant from Patient 1 and his parents to approximately 400,000X coverage was performed by the Emory Integrated Genomics Core (EIGC).
Results
Identification of novel SCN8A epilepsy mutations
All patients had seizure onset within the first year of life and were referred for genetic testing. The identified SCN8A amino acid substitutions were distributed across the channel: one in the N-terminal domain (p.K101R), one in the DIIS1 (p.I763V), one in the linker between DIIIS4 and DIIIS5 (p.N1329D), one in DIIIS5 (p.L1332R), and one in the Cterminal domain (p.N1877S) ( Figure 1A ). All five mutations occur at evolutionarily conserved amino acid positions ( Figure 1B ) and were predicted to be damaging to protein function by PolyPhen-2 (http://genetics.bwh.harvard.edu/pph2/) and SIFT (http:// sift.jcvi.org/) prediction algorithms. Table 1 summarizes the clinical features of the patients.
Patient Descriptions
Patient 1: SCN8A, c.2287A>G, p.I763V-Patient 1 presented with seizures at four months of age and was recognized to have a subarachnoid hemorrhage. The hemorrhage was drained via a burr hole; however, he continued to have multiple generalized tonic-clonic seizures requiring over 20 hospitalizations, and at least one instance of status epilepticus. He is developmentally delayed, especially for speech and language. Electroencephalograms (EEGs) show a mild generalized slowing of the background with rare left frontal epileptiform discharges. Magnetic resonance imaging (MRI) showed areas of decreased linear signal as a result of the subarachnoid hemorrhage. Interestingly, the individual has a fraternal twin brother who had a cystic subdural hygroma and is similarly affected by seizures and developmental delays. 2287A>G, p.I763V), as well as a deletion at 2q23.1 encompassing noncoding exon 5 of the MBD5 gene (chr2: 149,057,023-149,166,288) (hg19). The PRICKLE1 variant was not tested further since PRICKLE1 is associated with autosomal recessive disease, and only one variant was detected in the patient. Parental testing detected the MBD5 deletion in the unaffected mother and the KCNQ3 variant in the unaffected father. The KCNQ3 variant has also been observed 242 times in the ExAC database, indicating that it is likely to be a benign variant. In contrast, neither parent carried the SCN8A variant. The affected twin brother was also found to carry the MBD5 deletion and the SCN8A missense variant. SCN8A p.I763V is located within the DIIS1 transmembrane domain near the previously published T767I epilepsy mutation . The isoleucine residue is evolutionarily invariant in all members of the VGSC family ( Fig. 1) , and the change to valine is predicted to be damaging by PolyPhen-2 and SIFT.
Because the SCN8A variant was detected in both the patient and his brother but was absent in the parents, we attempted to determine whether one of the parents was mosaic. However, we could not detect the variant in DNA extracted from blood by deep amplicon sequencing in either parent (up to 400,000X coverage, data not shown). We conclude that mosaicism is likely to be limited to the germline of one of the parents. This variant has not been observed in the ExAC database but has been reported once as a variant of unknown significance (VUS) from an epilepsy patient by GeneDx in ClinVar. Although we believe that the SCN8A variant is the causative mutation in these two brothers, we cannot rule out the possibility that the deletion of MBD5 noncoding exon 5 may also contribute to the disease presentation in these individuals since heterozygous deletions of MBD5 are associated with developmental delay, seizures, and language impairment due to haploinsufficiency. While deletions confined to the noncoding exons of MBD5 (exons 1-5) have been reported in disease previously (Talkowski et al., 2011) , none have been limited to exon 5 as in Patient 1, making it difficult to compare across cases. Exon 5 is the most proximal noncoding exon to the first coding exon (exon 6), however, this region is not evolutionary conserved and the deletion was inherited from an unaffected parent.
Patient 2: SCN8A, c.3985A>G, p.N1329D-Patient 2 exhibited normal development until seizure onset at three months of age. She subsequently developed refractory epilepsy, global developmental delays, poor vision and nystagmus, and feeding difficulties and gastroesophageal reflux disease (GERD). EEG showed diffuse cerebral dysfunction and slowing and disorganization of background with multifocal epileptiform discharges. MRI showed mild loss of cerebral volume. Previous genetic testing included a chromosomal microarray, an Infantile Epilepsy Panel, fragile X FMR1 testing, and sequencing of NPC1 and NPC2. NPC2 sequencing revealed a heterozygous variant (c.352G>A, p.E118K), and the Infantile Epilepsy Panel uncovered a heterozygous variant of uncertain significance in ALDH7A1 (c.235A>G, p.R79G). Since neither variant was thought to contribute to the patient's clinical phenotype, the ESD panel was ordered at EGL. This test not only confirmed the presence of the ALDH7A1 variant but also identified a heterozygous variant in SCN8A (c.3985A>G, p.N1329D) and a heterozygous intronic duplication in CNTNAP2. Parental testing revealed that the SCN8A variant was de novo in the patient, and parental identity was confirmed with microsatellite analysis. ALDH7A1 and CNTNAP2 were excluded from further analysis since these genes are associated with autosomal recessive disorders and were not consistent with the phenotype. SCN8A p.N1329D has not been seen before in disease or in the ExAC database. Furthermore, it is located in the intracellular linker between DIIIS4 and DIIIS5, in which several pathogenic variants have already been identified, including p.I1327V and p.L1331V. N1329 is evolutionarily invariant across species and the other VGSCs, and the change to a negatively charged aspartic acid is predicted to be damaging.
Patient 3: SCN8A, c.3995T>G, p.L1332R-Patient 3 presented with abnormal involuntary movements at one month of age, and EEG analysis revealed hypsarrhythmia suggestive of infantile spasms. EEG at two months showed mild background slowing and disorganization with multifocal epileptiform discharges consistent with epileptic encephalopathy. He displays global developmental delays, hypotonia, nystagmus, and brachycephaly. MRI showed left frontal lobe cortical dysplasia. Chromosomal microarray analysis was normal. Epilepsy gene panel testing performed by GeneDx (Infantile Epilepsy panel) identified heterozygous variants in SCN8A (c.3995T>G, p.L1332R) and KCNJ10 (c. 1043G>A, p.R348H). Testing of the parents did not uncover the SCN8A variant, indicating that the variant arose de novo in the patient. The KCNJ10 variant was not tested since it is associated with autosomal recessive disease and only one variant was detected. SCN8A p.L1332R has not been seen previously in disease or in the ExAC database, but is directly adjacent to the reported pathogenic variant, p.L1331V, in the DIIIS5 transmembrane domain of the channel. The p.L1332R substitution affects an evolutionarily invariant residue and is predicted to be damaging by PolyPhen-2 and SIFT.
Patient 4: SCN8A, c.5630A>G, p.N1877S-Patient 4 presented with seizures at nine months of age, which included staring spells during wakefulness and later included generalized tonic-clonic seizures during sleep. He was started on oxcarbazepine, which controlled his father's seizures, but developed a severe allergic reaction. Levetiracetam was ineffective. Seizures were fully controlled for three years on lacosamide but then recurred. He continued to have 1-2 seizures during sleep per month despite treatment. Initial EEG was normal. EEG at age six years revealed very active, sleep enhanced spike and wave activity, which was generalized or shifting predominance between left and right anterior areas. The individual performs reasonably well in school but is somewhat behind his twin sister. He has had marked improvement, but not complete control, on phenytoin.
The individual has a family history of epilepsy. His father (Figure 2, I:1) started having seizures at six months of age and continued to have frequent seizures despite treatment with phenobarbital until age six, at which point his seizures improved. At age 13, treatment was switched to carbamazepine, from which point he continued to have seizures about twice a year. Seizures stopped in his late teens, but he has had seizures on several occasions when he tried to stop taking his medication. All EEGs and MRIs were reported to be normal, and the father has normal cognition. Patient 4 also has a younger brother ( Figure 2 , II:3) who presented with seizures at 7 months of age. The younger brother's EEG was normal and his seizures are fully controlled on oxcarbazepine. An epilepsy gene panel performed by Athena Diagnostics (Epilepsy Advanced Sequencing Evaluation) identified a number of heterozygous single nucleotide variants in the younger brother, including SCN8A (c. 5630A>G, p.N1877S), GRIN2A (c.4353A>T, p.R1451S), TSC1 (c.1631G>A, p.G544E), ATP2A2 (c.1912A>G, p.I638V), and LBR (c.899A>G, p.Y300C). We performed familial segregation analysis for the SCN8A, GRIN2A, ATP2A2, and TSC1 variants (LBR was excluded since seizures have only been seen in homozygous patients and only one variant Butler et al.
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Author Manuscript was identified from panel testing). The SCN8A variant was present in all three affected family members, but was absent from the unaffected mother (I:2) and the patient's unaffected twin (II:1). The GRIN2A variant was present in the father (I:1) and younger brother (II:3) but absent from Patient 4 (II:2). The ATP2A2 variant was present in the unaffected mother (I:2), unaffected sister (II:1), and the younger brother (II:3). Finally, the TSC1 variant was detected in the mother and both her sons. This pattern of inheritance lends support to the SCN8A variant being causative, although we cannot rule out the possibility that the GRIN2A variant carried by the father and the younger brother may act as a modifier, decreasing the severity of their epilepsy and the EEG abnormalities.
The SCN8A p.N1877S variant resides in the C-terminal domain of the channel, proximal to the mutational hotspot p.R1872, at which three different amino acid substitutions have been identified in ten unrelated epilepsy patients . N1877S is predicted to be damaging by PolyPhen-2 and SIFT. SCN8A p.N1877S has not been observed in the ExAC database but has been reported twice in ClinVar (once as a VUS and once as a likely pathogenic de novo variant) and has recently been reported in a father and son with earlyonset epilepsy without cognitive impairment (Anand et al., 2016) . This additional instance of parental transmission and milder epilepsy presentation associated with the same SCN8A variant again lends support to the prediction that this is a pathogenic variant. (Gadzicki et al., 2015; Helbig et al., 2016) . Two of these patients had seizures in the neonatal period similar to Patient 5. Parental testing did not detect the PACS1 variant in the mother; the father was unavailable for testing. PACS1 p.R203W has also been reported once in the ExAC database.
SCN8A variation in other neurodevelopmental disorders
In addition to seizures, individuals with SCN8A encephalopathy often experience other neurodevelopmental abnormalities, including intellectual disability, autism, and movement disorders such as ataxia and dystonia (Larsen et al., 2015) . To investigate whether variation in SCN8A contributes to these other neurodevelopmental disorders with or without seizures, we examined variants compiled from gene panel testing at EGL for autism spectrum disorder, intellectual disability, and neuromuscular disorders. A total of 107 SCN8A variants were detected from 91 patients (52 autism referrals, 26 intellectual disability referrals, and 13 neuromuscular referrals). Seventy-two variants (67%) were located in intronic sequences, none of which affected consensus splice sites. Twenty-three variants (22%) were synonymous substitutions and were not predicted to affect the protein sequence or splicing. Twelve patients (13%) were found to have missense substitutions that altered the amino acid sequence of the protein. The polymorphisms c.3076C>T (p.R1026C) and c.2098A>T (p.I700L) were identified in six individuals and one individual, respectively (Table 2) . Of the remaining five missense variants, only one (p.I805M) altered an evolutionarily conserved residue and was predicted to be damaging by in silico analysis (Adzhubei et al., 2010) .
I805M is located within the DIIS2 transmembrane domain, and substitution of this amino acid has not been observed in ExAC or in any other database (Figure 1 ). This variant was identified from an autism spectrum disorder referral; however, we do not have information on the clinical presentation of the patient. Three of the other four rare missense variants (p.I68V, p.G1050S, p.R1960Q) have been reported before in the ClinVar database. The Nterminal variant (p.I68V) was reported as a likely benign variant by the Genetics Services Laboratory at University of Chicago. The C-terminal variant (p.R1960Q) was reported as a VUS from an infant-epilepsy panel by GeneDx and has been seen three times in the ExAC database. The p.G1050S variant was reported previously as a VUS from an epilepsy panel by GeneDx, once as a likely pathogenic de novo variant in a patient with hemiplegic cerebral palsy and intellectual disability, and ten times in the ExAC database (McMichael et al., 2015) . At this time, it is unclear whether these rare variants contribute to disease or represent benign variants. SCN8A may therefore contribute to other neurodevelopmental disorders, and additional screening for SCN8A mutations should be conducted to explore the full spectrum of phenotypes associated with SCN8A dysfunction.
Mutation clusters within the Na v 1.6 channel
When the locations of all the reported SCN8A epilepsy variants are overlaid on the Na v 1.6 channel, several patterns emerge (Figure 3 ). Similar to reports for the other VGSCs, many variants reside within the transmembrane domains of the channel, especially the voltagesensing S4 segment of each repeat domain; however, several intriguing clusters of variants are observed outside of the transmembrane domains. One of these clusters involves the extracellular linker between DIS3 and DIS4 (Figure 3, cluster A) . Interestingly, this region of the channel is encoded by two mutually exclusive, alternatively spliced exon 5s (5N and 5A). The usage of these exons is developmentally regulated, with preferential usage of exon 5N early in development and exon 5A during adulthood. Inclusion of each exon has been reported to differentially alter the excitability of the encoded channel (Fletcher et al., 2011; Gazina et al., 2010; Raymond et al., 2004) . To date, all the pathogenic variants identified in this region are located in exon 5N. Another observed cluster of variants is located in the 19 amino acid linker between the DIIIS4 and DIIIS5 (cluster B). Clustering of pathogenic variants in this region has also been observed for the Na v 1.2 channel (Howell et al., 2015) . This linker region is reported to participate in channel inactivation through stabilizing interactions with the nearby inactivation gate (Smith and Goldin, 1997) . Consistent with this, we also see a cluster of pathogenic SCN8A variants within the inactivation gate, which is located between DIIIS6 and DIVS1 (cluster C). Finally, there appears to be a cluster of pathogenic variants in the C-terminus, including the recurrently mutated position at p.R1872 (cluster D). Previous electrophysiological analysis of substitutions at R1872 revealed a delay in the inactivation of the mutant channels, which is predicted to increase channel activity .
Discussion
The list of SCN8A epilepsy variants has been rapidly growing since the first report in 2012, due in part to the wider availability of genetic testing that includes the SCN8A gene. Pathogenic SCN8A variants appear to account for approximately 1% of patients with epileptic encephalopathies, with over a hundred pathogenic variants identified in SCN8A to date . Similar to previous observations, we estimate that variants in SCN8A are responsible for disease in approximately 1% of the cohort of 275 epilepsy patients screened by the Emory Genetics Laboratory, although this cohort is not limited to the epileptic encephalopathies. Pathogenic SCN8A variants are predominantly de novo or inherited from an unaffected parent found to be mosaic. This was true for three of the variants reported in this study (Patients 1-3). Although most pathogenic SCN8A variants are found in individuals with early infantile epileptic encephalopathy (EIEE), an inherited missense variant (p.E1483K) was recently identified in three unrelated families with benign infantile spasms and paroxysmal dyskinesia (Gardella et al., 2016) .
In a recent report, Anand and colleagues described a heterozygous SCN8A variant, p.N1877S, in an affected father and son that experienced seizure onset at four and five months of age, respectively, and presented with focal and generalized tonic-clonic seizures. However, neither individual exhibited cognitive impairment. The son's EEG showed background slowing and disorganization with active focal epileptiform discharges, but his seizures were controlled on carbamazepine (Anand et al., 2016) . Here we report an additional family segregating the SCN8A p.N1877S variant. Similar to the family presented by Anand et al, the family described here appears to have a milder epilepsy presentation without cognitive impairment and shows response to treatment with sodium channel blockers such as oxcarbazepine and phenytoin. In contrast to these two families, SCN8A p.N1877S has also been observed de novo in at least two other epilepsy patients with developmental delay and intellectual disability. Anand and colleagues speculated that additional modifying genetic variants may explain the reduced disease severity in their two cases, although no candidates were revealed by the gene panel analysis (Anand et al., 2016) .
In the family presented here, variants in additional genes were uncovered from the gene panel analysis. This included the NMDA receptor gene, GRIN2A, which is associated with a 
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Author Manuscript broad spectrum of epilepsy and speech disorders (Carvill et al., 2013) . The C-terminal GRIN2A p.R1451S variant is predicted to be tolerated by in silico analysis and was observed 12 times in the ExAC database. We found that the two family members with p.R1451S (Figure 2 , I:1 and II:3) have milder epilepsy presentations and normal EEGs compared to the proband with only the SCN8A variant (II:2). Further studies are needed to determine the functional effects of the SCN8A p.N1877S variant, as well as whether this GRIN2A variant is capable of modifying those effects.
Our last case (Patient 5) highlights the challenges associated with variant interpretation from gene panel analysis. The SCN8A p.K101R variant was the only reported finding from the 110 genes of the ESD panel analysis. This very rare variant (seen in only 1/120,220 alleles in ExAC) was predicted to be damaging by MutationTaster and SIFT (and possibly damaging by PolyPhen-2), and the phenotype of the patient overlaps with what has been reported previously for SCN8A-assoicated epilepsy. Parental testing can be critical for distinguishing pathogenic variants from rare benign familial variants. In this case, the SCN8A variant was inherited from the unaffected mother, suggesting that p.K101R may represent a rare benign variant. The identification of a second variant predicted to be pathogenic (PACS1 p.R203W) also raises the possibility that the SCN8A p.K101R variant may not be pathogenic in this individual. Functional analysis will be necessary to determine whether the p.K101R variant alters the electrophysiological properties of the Na v 1.6 channel.
The VGSC genes SCN1A and SCN2A, encoding the Na v 1.1 and 1.2 sodium channels, respectively, are associated with a spectrum of epileptic phenotypes, including severe sporadic EIEE and milder familial epilepsies. Mutations in SCN1A were first identified in families with genetic epilepsy with febrile seizures plus (GEFS+) and later recognized as a cause of the catastrophic EIEE Dravet syndrome (Claes et al., 2001; Escayg et al., 2000) . Similarly, mutations in SCN2A were originally associated with benign familial neonatalinfantile seizures (BFNIS) and GEFS+, but were later identified in patients with EIEEs, such as Ohtahara syndrome and Dravet syndrome (Berkovic et al., 2004; Nakamura et al., 2013) . Consistent with these observations, SCN8A mutations also appear to underlie a spectrum of epilepsy phenotypes.
A small number of SCN8A variants have also been found in individuals with intellectual disability, ataxia, and cerebral palsy, without seizures (McMichael et al., 2015; Rauch et al., 2012; Trudeau et al., 2006) . Here we identified an SCN8A missense variant at an evolutionarily conserved amino acid position from a patient with autism. Although we do not know the inheritance of the variant or whether this individual also experienced seizures, autism spectrum disorder is a common comorbidity in patients with pathogenic SCN8A variants (Larsen et al., 2015) . Additionally, pathogenic SCN8A variants were recently detected from diagnostic whole-exome sequencing in patients with neurodevelopmental disorders without seizures (Helbig et al., 2016) . This is similar to findings for SCN1A and SCN2A, both of which are implicated in autism with and without seizures (Li et al., 2015; O'Roak et al., 2011; Sanders et al., 2012) . Consequently, it may be beneficial to add SCN8A
to gene panels designed for intellectual disability, autism, and movement disorders, since these disorders share underlying genetic pathways with epilepsy (Li et al., 2015) . 
To date, five epilepsy variants have been identified in the region of SCN8A encoded by the two alternate exon 5s (5N and 5A). All five of these amino acid substitutions are located within exon 5N (de Kovel et al., 2014; Epi et al., 2013; Larsen et al., 2015; Mercimek-Mahmutoglu et al., 2015; Ohba et al., 2014) . Studies in mice and non-human primates (Macaca fascicularis) have shown that the 5N exon, referred to as the neonatal isoform, is expressed early in development and is gradually replaced by isoforms containing the 5A exon (adult isoform) as development progresses (Gazina et al., 2010; Raymond et al., 2004) .
Little is currently known about the developmental expression pattern of these two exons in humans, although Raymond et al. reported that the 5N exon was observed at higher levels in fetal brain, whereas the 5A exon was incorporated more frequently in transcripts from adult brain (Raymond et al., 2004) . The 5N and 5A exons are both 92 bp in length (encoding 30 amino acids) and are separated by a short 155 bp intron. The exons differ at 19 nucleotide positions but only two amino acid positions (p.207I>V and p.212N>D) (Raymond et al., 2004) . The usage of these two alternatively spliced exons, encoding a portion of the first domain, is evolutionarily conserved across most of the VGSC α-subunits, including all of the human VGSCs expressed in the CNS. Several studies have examined the functional differences between the two corresponding alternatively spliced isoforms in Na v 1.1 and Na v 1.2. Electrophysiological studies revealed that alternative splicing of exon 5 modifies the inactivation kinetics of the sodium channel, such that isoforms including the 5N exon inactivate more rapidly compared to those with the 5A exon (Fletcher et al., 2011; Xu et al., 2007) . Additionally, the "neonatal" Na v 1.2 isoform appears to reduce neuronal excitability in mice (Gazina et al., 2015) . Taken together, we hypothesize that mutations in the 5N exon of SCN8A could cause disease by altering the inactivation kinetics of the Na v 1.6 channels expressed in early development, leading to hyperexcitability in neurons expressing those channels.
Thus far, there have been no reports of pathogenic variants in the 5A exon. The lack of pathogenic variants in 5A could reflect differences in the electrophysiological properties of the different channel isoforms, such that substitutions in the adult isoform are less detrimental than substitutions in the neonatal isoform. However, when the two exons are examined in the ExAC database, four missense changes are seen in the 5N exon, and only one missense change for the 5A exon. This high level of conservation would suggest both exons are important for proper channel function. Alternatively, the lack of 5A mutations could be the result of the use of sequencing libraries that do not target both SCN8A exons. The current reference transcript for SCN8A (NM_014191.3), used by most laboratories for mutation identification, includes only the 5N exon. As a result, variants in the 5A exon might be missed. At this time, it is unclear whether variants in the 5A exon of SCN8A can also cause disease and, if so, whether disease severity would be similar to that reported for pathogenic variants in other regions of the channel. Mutations in the 5N exon, which is the predominant isoform during early development, lead to an early-onset epilepsy. It is possible that mutations in the 5A exon, expressed later in development, could cause epilepsy with a later age of onset. Interestingly, pathogenic variants have been observed in both alternate exons of SCN2A (denoted as exons 6N and 6A) Nakamura et al., The other three observed clusters of SCN8A variants affect regions of the sodium channel known to have roles in channel inactivation. Two of these clusters, the inactivation gate and the proximal portion of the C-terminus, were noted previously as being enriched for pathogenic variants . The third cluster in the DIIIS4-S5 linker region (Figure 3, cluster B) has not been reported before. This linker is approximately 19 amino acids in length, and five of these positions are reported to be mutated in epilepsy. Two additional epilepsy variants are found directly adjacent to this linker in the DIIIS5 transmembrane domain. This highly conserved linker is known to interact with the inactivation gate by serving as a docking site to stabilize the gating particle in VGSCs. Specifically, the alanine residue at position 1319 of the DIIIS4-S5 linker is known to interact with the hydrophobic isoleucine-phenylalanine-methionine-threonine (IFMT) amino acid sequence in the inactivation gate (Goldin, 2003; Smith and Goldin, 1997) . Two recent studies characterized the biophysical consequences of two pathogenic variants located in the DIIIS4-S5 linker, I1327V and L1331V. As predicted, both variants impair channel inactivation, resulting in channels that are slower to transition from the open state to the inactive state Patel et al., 2016) . Additionally, amino acid substitutions have been identified at p.A1319 in the DIIIS4-S5 linker, as well as at the isoleucine (p.I1479), phenylalanine (p.F1480), and methionine (p.M1481) residues in the inactivation gate in epilepsy patients. A total of seven unique epilepsy variants have been observed within the SCN8A inactivation gate, including the recurrent p.E1483K inherited missense variant. Variants that alter the structure of the inactivation gate also have the potential to alter channel inactivation, producing hyperexcitable channels.
The C-terminal domain also plays a role in modulating fast inactivation of VGSCs. Specifically, the proximal half of the C-terminus contains six α-helices that are predicted to interact with the inactivation gate, as well as with calmodulin, a calcium-responsive protein known to modulate channel inactivation (Cormier et al., 2002; O'Brien and Meisler, 2013) . The cluster of seven pathogenic SCN8A variants observed in the C-terminus primarily affect the fifth α-helix, which contains multiple residues known to be important for inactivation kinetics (Nguyen and Goldin, 2010) . Wagnon et al. showed that substitutions at the positively charged p.R1872 residue within the fifth α-helix destabilizes interactions with the inactivation gate, producing hyperexcitable channels . One can hypothesize that other variants in this region of the C-terminus may have similar effects on the inactivation kinetics of the channel, including the inherited variant p.N1877S reported in this study. Alternatively, substitutions in this region of the C-terminus may disrupt interactions with proteins that normally regulate channel activity or trafficking (O'Brien and Meisler, 2013) .
Conclusions
In summary, we report several novel epilepsy variants in SCN8A identified by gene panel analysis. As genetic testing technologies continue to improve and become more integrated into routine clinical care, we will undoubtedly find other pathogenic SCN8A variants in patients with epilepsy and other neurodevelopmental disorders. These additional patients will provide insight into the full phenotypic spectrum of SCN8A dysfunction and improve our ability to interpret new variants uncovered by diagnostic testing. Efforts are currently underway to launch an SCN8A variant registry (http://www.scn8a.net/), which will allow families, clinicians, and researchers to come together to advance our understanding of SCN8A and epilepsy.
Highlights
• Five SCN8A variants were identified in individuals with severe and mild epilepsy.
• Variation in SCN8A may contribute to neurodevelopmental disorders without seizures.
• Four distinct clusters of pathogenic variants were identified within the channel.
• These clusters are located in regions of the channel important for inactivation. The filled circles denote the location of pathogenic epilepsy variants reported to be de novo.
The open circles denote inherited variants. The four clusters are indicated by lettered circles with arrows. Epilepsy Res. Author manuscript; available in PMC 2018 January 01.
